The stress-strain of samples deformed until failure and the relaxation response after 50% deformation of the initial height under constant stress were obtained. Uniaxial compression and stressrelaxation tests enabled satisfactory differentiation of the mechanical resistance of gels with different alginate and carrageenan concentrations. Higher values for initial force at the beginning of the relaxation test were associated with higher calcium uptake by the gels. An increment of failure stress during the uniaxial compression tests for higher concentration of calcium in the gel structure was also observed. The maximum amount of cation uptake was higher than the theoretical value for saturation of all the carboxylic groups available in alginate molecules due to structural rearrangements. Stress-relaxation tests indicated that the residual stress of the gel increased with κ-carrageenan concentration.
INTRODUCTION
In the food industry, alginates and carrageenans are used for their gelling properties. In many applications, foods are mixed with gelling agents, approved by food regulations, for thickening and improving rigidity and texture stability (Glicksman, 1983) . These polysaccharides may also be used to immobilize enzymes for carrying out important bioprocesses (Bales, 1994) . Consequently, chemical and mechanical behaviors must be studied to enable selection of the appropriate catalyst for a reaction system.
In this case, gel formation occurs by molecule aggregation in the presence of effective cations.
This quite complex operation depends on the type of polymer, the degree of polymerization and methods of preparation (Mancini et al., 1999) . Therefore, gel strength differs according to structure. The mechanical resistance measured by rheological tests is indicative of gel strength (Nussinovitch et al., 1989) . The uniaxial compression test and the stress-relaxation response curves are related to the cross-linking of polymer chains, which depends on product composition and gelling conditions. The objective of this work was to study the gels behavior using uniaxial compression and stress-relaxation tests for samples with different κ-carrageenan and sodium alginate concentrations and gelling conditions.
THEORY
A number of materials show time dependence in their elastic response, referred to as viscoelasticity, which is typical of polymeric materials. Stressrelaxation tests are commonly used to study this phenomenon. When a polymeric liquid or solid is compressed and allowed to relax, the stress decays in an exponential fashion.
The stress-relaxation curves for gels have traditionally been described in terms of a discrete linear-Maxwell model (Mitchell, 1976) . Since gels are not physically stable and tend to exchange moisture with the environment, tests for long-term determination of their relaxation pattern (t > 20 min) are difficult to perform. Consequently, the relaxation parameters were determined in experiments of short duration using a mathematical model suggested by Peleg (1979 Peleg ( , 1980 to characterize the relaxation behavior of polysaccharide gels.
The relaxation curve can be represented by
where F 0 is the initial force at the beginning of the relaxation test, F (t) is the decaying force, and a and b are constants. The linear dependence of stress relaxation on strain is called linear viscoelasticity. Constant a represents the amount of stress that remains unrelaxed. If a = 0, all the stress relaxes and the material is considered to be a purely viscous liquid. If a > 0, there is a residual stress even when t → ∞ and the material is considered to be a viscoelastic liquid or solid. The magnitude of a can be used to measure solidity (for a viscoelastic liquid the stress relaxes to zero, while for a viscoelastic solid it asymptotically approaches an equilibrium stress). However, for nonlinear viscoelastic materials, the magnitude of a may depend on the deformation history of the specimen, and consequently, the specimen can exhibit different degrees of solidity for different strains. Constant b represents the rate at which the stress relaxes. If b = 0, the stress does not relax (e.g., an ideal elastic solid) (Peleg, 1980) . A hypothetical asymptotic modulus, E A , can be calculated from
where A (t) is the specimen's cross-sectional area and ε is the strain. In materials with linear viscoelastic behavior, E A should be independent of strain and strain history. In materials with nonlinear behavior, E A may indicate whether the deformation involves internal fracture, compressibility or strain hardening and can be used to predict failure. The force data from the testing machine were converted to apparent stress, σ a(t) , and to true stress, σ (t) , according to the following definitions (Rosenau et al., 1978) (t) a(t) 0
where H 0 is the initial specimen length, ∆H (t) the actual absolute deformation that is determined during the test and A 0 the cross-sectional area of the original specimen. The time data from the testing machine were converted to Hencky's strain, ε H(t)
The slope of the linear portion of the stress-strain relation was defined as the deformability modulus,
E D has stress units and can be used as a measure of gel stiffness. Gel cylinders with a 1.1-cm diameter and a 2.0-cm length were prepared as described by Mammarella and Rubiolo (1997) . The range of gel compositions and gelling conditions used in the tests were determined according to previous work (Mammarella, 2001 ).
MATERIALS AND METHODS

Sample Preparation
Sample Identification
A code composed of letters and numbers was assigned for sample identification. A key letter was used to identify the composition of the substance followed by a number of which each digit corresponds to a level of concentration of the gel or composition of the solution according to the following code:
G: gel composition. First number: high viscosity sodium alginate; 1, 2, and 3 are 1.0%, 2.0%, and 3.0%, respectively.
Second number: low viscosity sodium alginate; 0 and 1 are 0.0% and 1.0%, respectively.
Third number: κ-carrageenan; 0, 1, 2, 3, and 4 are 0.0%, 0.1%, 0.5%, 1.0%, and 2.0%, respectively. K: composition of immersion solution. First number: CaCl 2 ; 1, 2, and 3 are 1.0%, 2.0%, and 3.0%, respectively.
Second number: KCl; 0 and 1 are 0.0% and a concentration two times the CaCl 2 concentration, respectively.
Finally, the letter T represents the time that gels remained in the immersion solution, while the number that follows is the time level. Levels 1, 2, 3, 4, 5, and 6 correspond to 0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h, respectively.
Example: the sample identified as G100-K11-T6 is a gel of 1.0% high viscosity sodium alginate without addition of low viscosity sodium alginate or κ-carrageenan, placed in CaCl 2 (1.0%) and KCl (2.0%) immersion solution during 3.0 h.
Mechanical Tests
A Shimadzu universal testing machine, model DSS-10TS with a 50 N max load compression cell was used. Gel specimens were compressed to 50% deformation before relaxation for approximately 8-9 min (Peleg 1979) . The deformation rate was 10.0 mm min -1 and triplicate tests were performed in all cases. Compression-relaxation data were recorded and analyzed using a computational program developed in Visual Basic language. Failure stress was measured by compression until gel fracture was detected.
RESULTS AND DISCUSSION
The stress-relaxation data were modeled using Eq. (2) to obtain the rheological parameters of Eqs. (3) to (7) ( Table 1 ). The higher values of F 0 may be associated with higher level of calcium incorporation into gels (Figure 1) . The hydrocolloid molecules are close to each other due to the interactions with the cations and the bridge of hydrogen bonds that improve gel hardness. The calcium uptake depends on the gelling conditions, such as Ca 2+ concentration of the immersion solution (Figure 1 .a), immersion time (Figure 1.b) , or alginate concentration in the gel (Figure 1.c) . Moreover, an increment of failure stress during the uniaxial compression test for higher concentrations of calcium in the gel structure was also observed. The failure stress values for gels G200-K20-T6 and G203-K21-T6 were 182.5 kPa and 116.7 kPa, respectively.
Stress-relaxation tests indicated that the residual apparent stress of the gel increased with κ-carrageenan concentration due to the fact that this component forms a more elastic gel (Figure 2 ) (Glicksman, 1983) . Furthermore, a lower residual apparent stress was observed for the gel when L.V. alginate was used to obtain the same total alginate concentration (Figure 3 ).
Important differences in parameter a were observed for the gels studied. However, different values for parameter b were only found when κ-carrageenan was added.
The changes in a can be analyzed through E D because both parameters are a measurement of gel rigidity. Values of E D changing with Ca 2+ concentration of the immersion solution, immersion time, and H.V. alginate concentration followed the same trend as F 0 , as expected. Figure 4 shows that E D values change with CaCl 2 concentration for different H.V. alginate concentrations. The E D values increased until reaching a critical Ca 2+ level for each H.V. alginate concentration, which is related to stoichiometry (Mancini et al., 1999) . However, that maximum amount of cation uptake can be higher (approximately 3-5% higher than the stoichiometry) due to structural rearrangements that allow the uptaking of more calcium cations.
Parameter b increased for higher κ-carrageenan concentrations, indicating that the gel residual stress also increased (Table 1) . Parameter b can be related to E A analysis. However, because E A values depend on deformation history, gel behavior following the addition of κ-carrageenan can not be predicted.
These results provide a general guideline for formulating hydrocolloid gels with a broad range of textural properties. Brittle gels of varied stiffness values can be obtained at different alginate concentrations using calcium ion concentrations above the critical ion level. Extensible gels of a desired stiffness can be obtained at a given alginate concentration with relatively low calcium ion concentrations. 
CONCLUSIONS
Uniaxial compression and stress-relaxation tests can be used to determine the change in mechanical resistance with alginate and carrageenan gel concentrations.
Higher stiffness values were found in gels with higher alginate and calcium concentrations. The maximum amount of cation uptake was slightly higher than the value necessary to theoretically saturate all the available carboxylic groups in each alginate molecule present.
Stress-relaxation tests indicated that the residual stress of the gel increased with κ-carrageenan concentration.
The rheological behavior of the gels was described by relationships similar to those in the models for viscoelastic solids.
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